It is generally believed that the initiation of breast cancer is a consequence of cumulative genetic damage leading to genetic alterations and provoking uncontrolled cellular proliferation and/or aberrant programmed cell death, or apoptosis. Reactive oxygen species have been related to the etiology of cancer as they are known to be mitogenic and therefore capable of tumor promotion. The aim of this study was to assess the role of common variation in 10 polymorphic genes coding for antioxidant defense enzymes in modulating individual susceptibility to breast cancer using a case-control study (N cases = 4,474 and N controls = 4,580). Both cases and controls were from the East Anglian region of the United Kingdom. We have identified a set of 54 single nucleotide polymorphisms (SNPs) that efficiently tag all the known SNPs in the 10 genes and are also expected to tag any unknown SNPs in each gene. We found no evidence for association of common variants in SOD1, SOD2, GPX1, GPX4, GSR, TXNRD1, and TXN2. There was borderline evidence for association of variants in CAT g27168a {P [2 degrees of freedom (df )] = 0.05}, TXN t2715c [P (2 df ) = 0.007], and TXNRD2 A66S and TXNRD2 g23524a (P trend = 0.074 and 0.046, respectively). For TXNRD2 A66S [AS versus AA: odds ratio (OR), 1.05; 95% confidence intervals (95% CI), 0.96-1.15; SS versus AA: OR, 1.12; 95% CI, 0.98-1.29], there are bioinformatics data to suggest that it is functional but confirmation in independent data sets is required before they can be regarded as definitive breast cancer susceptibility alleles. Even if confirmed, these four alleles would account for just 0.32% of the excess familial risk of breast cancer. (Cancer Res 2006; 66(2): 1225-33) 
Introduction
Breast cancer is the most common cancer among women in industrialized countries (1) . A family history is well established as a risk factor for breast cancer (2) and twin studies suggest that most of the excess familial risk is due to inherited factors (3) . However, germ line mutations in so-called high-penetrance cancer susceptibility genes, such as BRCA1 and BRCA2, account for <25% of the excess risk (4) . These findings suggest that less penetrant alleles may make a substantial contribution to breast cancer incidence (5) .
The molecular mechanisms underlying the development of breast cancer are not well understood. However, it is generally believed that the initiation of breast cancer, like other cancers, is a consequence of cumulative genetic damage leading to genetic alterations that result in activation of proto-oncogenes and inactivation of tumor suppressor genes. These in turn are followed by uncontrolled cellular proliferation and/or aberrant programmed cell death (apoptosis; ref. 6 ). Reactive oxygen species have been related to the etiology of cancer as they are known to be mitogenic and therefore capable of tumor promotion (7) (8) (9) . Transient fluctuations in reactive oxygen species serve important regulatory functions, but when present at high and/or sustained levels, reactive oxygen species can cause severe damage to DNA, protein, and lipids. In view of these findings, reactive oxygen species are considered as an important class of carcinogens. The effect of reactive oxygen species is balanced by the antioxidant action of nonenzymatic antioxidants (e.g., glutathione, vitamins A, C, and E, and flavonoids) as well as antioxidant enzymes. A variety of cancer cells are known to exhibit reduced levels of antioxidant enzymes when compared with their normal counterpart (10) . In addition, low levels of dietary antioxidants have been hypothesized to be an important determinant of cancer risk. However, although the results of many epidemiologic studies of diet and cancer would be consistent with this hypothesis, direct evidence for an effect of antioxidant levels on cancer risk has been elusive.
There are three main types of antioxidant defense enzymes: the superoxide dismutases (SOD), including manganese-containing SOD (SOD2, also known as MnSOD) and cytosolic CuZnSOD (SOD1), catalase (CAT), and the peroxidases (GPX1 and GPX4; Fig. 1 ). All of them function to protect the cell from damage due to reactive oxygen species. In addition, several other enzymes are implicated in oxidative damage repair. The reduction of oxidized glutathione (GSSG) produced by action of GPXs is catalyzed by glutathione reductase. Accumulating evidence suggests that, in addition to their ''antioxidant'' functions, these enzymes participate in cell signaling processes (11) . Transforming growth factor h1 has been shown to suppress the expression of antioxidant enzymes in some cells leading to increased cellular oxidative stress (12, 13) . Recently, it has also been shown that some of these enzymes are associated with modification of histone acetylation and histone acetyltransferase activity, both of which have critical roles in eukaryotic gene transcription (14) , and others are associated with decreased cell proliferation in vascular endothelial cells (15) and increased proliferation of fibroblasts (16) .
The thioredoxins (TXN and TXN2) and thioredoxin reductases (TXNRD1 and TXNRD2) are also involved in antioxidant defense through the thioredoxin redox cycle. These proteins are responsible for mediating numerous cytoplasmic functions and are implicated in control of cell growth in which the redox function is essential for growth stimulation and apoptosis (17) (18) (19) . TXN is also a key enzyme for DNA synthesis by directly serving as an electron donor to ribonucleotide reductase (20) . In addition, the level of TXNRDs in tumor cells is often 10-fold or even greater than in normal tissues and tumor proliferation seems to be crucially dependent on an active thioredoxin system (21, 22) .
Despite compelling evidence that oxidative stress is an important mechanism in carcinogenesis and the importance of antioxidant defense enzymes to control the cell redox level and to combat the accumulation of reactive oxygen species, few studies have examined genetic variation in the genes coding for these enzymes and their relationship to cancer risk. Only two genes related to antioxidant defense (SOD2 and GPX1) have been analyzed in genetic association studies of several different types of cancer including lung cancer, breast cancer, colorectal cancer, prostate cancer, and bladder cancer, and the results from these have been contradictory (23) (24) (25) (26) (27) (28) (29) (30) (31) . Furthermore, these have evaluated only one or two genetic variants [single nucleotide polymorphisms (SNPs)] at each candidate locus.
The aim of this study was to evaluate the association between common variants in 10 genes coding for antioxidant defense enzymes (SOD1, SOD2, CAT, GPX1, GPX4, GSR, TXN, TXN2, TXNRD1, and TXNRD2) and susceptibility to breast cancer. We have used a case-control study design and genotyped SNPs which tag all known common variants present in each gene in our population.
Materials and Methods
Patients and controls. Cases were drawn from SEARCH (breast), an ongoing population based study, with cases ascertained through the East Anglian Cancer Registry. All patients diagnosed with invasive breast cancer below age 55 years since 1991 and still alive in 1996 (prevalent cases, 48), together with all those diagnosed <70 years between 1996 and the present (incident cases, median age: 52 years), were eligible to take part. All study participants completed an epidemiologic questionnaire and provided a blood sample for DNA analysis. Sixty-seven percent of eligible breast cancer patients returned a questionnaire and 64% provided a blood sample. Controls were randomly selected from the Norfolk component of European Prospective Investigation of Cancer. European Prospective Investigation of Cancer is a prospective study of diet and cancer being carried out in nine European countries. The European Prospective Investigation of CancerNorfolk cohort comprises 25,000 individuals, ages 45 to 75 years, resident in Norfolk, East Anglia-the same region from which the cases have been recruited. European Prospective Investigation of Cancer participants were recruited through general practice age-sex registers. Forty-five percent of invited individuals provided a blood sample and took part.
Controls are not matched to cases, but are broadly similar in age, being of ages 42 to 81 years. The ethnic background of both cases and controls as reported on the questionnaires is similar, with >98% being white. The study is approved by the Eastern Region Multicentre Research Ethics Committee and all patients gave written informed consent.
The total number of cases available for analysis was 4,474, of whom 27% were prevalent cases. The samples have been split into two sets to save DNA and reduce genotyping costs: the first set (n = 2,271 cases and 2,280 controls) is genotyped for all SNPs and the second set (n = 2,203 cases and 2,280 controls) is then tested for those SNPs that show marginally significant associations in set 1 (P heterogeneity or P trend <0.1 for univariate analyses). If P < 0.1 for comparison of haplotype frequencies, all SNPs within the haplotype block are genotyped in set 2. This staged approach substantially reduces genotyping costs without significantly affecting statistical power. For example, assuming that the causative SNP is tagged with r 2 > 0.8, a type I error rate of 0.0001, and genotyping success rate of 0.95, the staged/full study has 86/88% power to detect a dominant allele with minor allele frequency (MAF) of 0.05 that confers a relative risk of 1.5 or 87/89% power to detect a dominant allele with MAF of 0.25 that confers a relative risk of 1.3. Power to detect recessive alleles is less-53/60% for an allele with MAF of 0.25 and risk 1.5, and 71/75% for an allele with MAF 0.5 and risk 1.3. Cases with high yields of genomic DNA were selected for set 1 from the first 3,500 recruited, with set 2 comprising the remainder of these plus the next 974 incident cases recruited. As the prevalent cases were the first recruited, the proportion of prevalent cases was somewhat higher in set 1 than in set 2 (33% versus 20%). Median age at diagnosis was similar in both sets (51 and 52 years, respectively). Median time from diagnosis to blood draw was slightly longer for set 2 (15 months) than for set 1 (9 months). There was no significant difference in the morphology, histopathologic grade, or clinical stage of the cases by set or by prevalent/incident status. Research Ethics Committee and all patients gave written informed consent.
Selection of tagging SNPs. The principal hypothesis underlying this experiment was that there are one or more common SNPs in the genes of interest that are associated with an altered risk of breast cancer. Thus, the aim of the SNP tagging was to identify a set of SNPs (stSNP) that efficiently tag all the known SNPs. We postulate that such SNPs are also likely to tag any hitherto unidentified SNPs in the gene. The selection of tagging SNPs is most reliable where the gene has been resequenced in a sample of individuals. The National Institute of Environmental Health Sciences (NIEHS) Environmental Genome Project (EGP) Project is currently resequencing all the exons, 5V and 3V untranslated region (UTR), and between 50% to 100% of introns including in all of them the splice sites for candidate genes for cancer across a panel of 90 individuals representative of U.S. ethnicities, including 24 European Americans, 24 African Americans, 12 Mexican Americans, 6 Native Americans, and 24 Asian Americans (PDR90). It is known that there is greater genetic diversity in individuals of African origin (32) but ethnic group identifiers for the PDR90 samples are not available. We have identified 28 of the samples most likely to be African American in this population by comparing the genotypes for the NIHPDR90 samples with the genotypes for the same SNPs from the National Heart, Lung, and Blood Institute Variation Discovery Resource project African American panel. 4 Data from the remaining 62 individuals were used to identify stSNPs. NIEHS resequencing data were only available for SOD2, CAT, GPX1, GPX4, GSR , and TXN. For the remaining genes (SOD1, TXNRD1, TXN2, and TXNRD2), we instead used data from the International HapMap Figure 1 . The three main types of antioxidant defense enzymes protect the cell from damage due to reactive oxygen species generated by different processes such as the electron transport chain (ETC) or the plasma membrane-localized NAD(P)H oxidoreductase complex (NADPH-ox ). The superoxide dismutases (SOD1 and SOD2 ) dismutate the superoxide radical into H 2 O 2 . The glutathione peroxidases (GPX ) and catalase (CAT) reduce H 2 O 2 into water and oxygen. Glutathione redox cycle (GSH/GSSG) provides the cell with reduced glutathione (GSH ) to act as cosubstrate for the peroxidases but to also participate in detoxification reactions and react nonenzymatically with OH P and peroxynitrite. The reduction of GSSG is catalyzed by glutathione reductase (GSR ) in a process that requires NADPH. Accumulating evidence suggests that, in addition to their antioxidant functions, these enzymes participate in cell signaling processes (11) . The thioredoxin (TXN) redox cycle is also involved in antioxidant defense. The cycle contains a family of redox-active proteins responsible for mediating numerous cytoplasmic functions and implicated in control of cell growth (19, 21, 22 Table 1) . The best measure of the extent to which a one SNP tags another SNP is the pairwise correlation coefficient (r p 2 ) because the loss in power incurred by using a marker SNP in place of a true causal SNP is directly related to this measure. We aimed to define a set of tagging SNPs such that all known ''common'' SNPs (defined as MAF > 0.05) had an estimated r p 2 of >0.8 with at least one tagging SNP. However, some SNPs are poorly correlated with other single SNPs but may be efficiently tagged by a haplotype defined by multiple SNPs, thus reducing the number of tagging SNPs needed. As an alternative, therefore, we aimed for the correlation between each SNP and a haplotype of tagging SNPs (r s 2 ) to be at >0.8. In this article, we have used r s 2 as the main criterion to determine tag SNPs but have also presented the tagging efficiency in terms of r p 2 . Using this design, and assuming a minimum r 2 of 0.8, this study had >85% power to detect, at a significance level of P < 0.0001, any dominant susceptibility allele with a frequency of 5% or greater conferring a relative risk of at least 1.4 or a recessive allele with frequency 10% or greater conferring a relative risk of at least 2.
Because tagging SNP selection is problematic when there is extensive haplotype diversity, where necessary, we divided a gene into haplotype blocks and selected the stSNPs for each block separately. It is possible to use a variety of formal definitions of haplotype blocks but we simply used the graphical representations of the pattern of linkage disequilibrium (LD) based on DVand selected blocks such that the common haplotypes in each block accounted for at least 80% of all haplotypes observed using the Haploview program (33) .
Genotyping. We genotyped all samples for the selected tag SNPs using the ABI PRISM 7900 sequence detection system or TaqMan (Applied Biosystems). We carried out PCR on DNA (10 ng) using TaqMan universal PCR master mix (Applied Biosystems), forward and reverse primers, and FAM-and VIC-labeled probes designed by Applied Biosystems (ABI Assayby-Designs) in a 5-AL reaction. Sequences of primers and probes are available on request. Amplification conditions on MJ Tetrad thermal cyclers (Genetic Research Instrumentation, MJ Research, Cambridge, MA) were as follows: 1 cycle of 95jC for 10 minutes, followed by 40 cycles of 95jC for 15 seconds and 60jC for 1 minute. We read the completed PCRs on an ABI PRISM 7900 Sequence Detector in end point mode using the Allelic Discrimination Sequence Detector Software (Applied Biosystems). For the software to recognize the genotypes, we included two nontemplate controls in each 384-well plate. Cases and controls were arrayed together in twelve 384-well plates and a 13th plate contained eight duplicate samples from each of the 12 plates to ensure a good quality of genotyping (the concordances was >99% for all SNPs). Failed genotypes were not repeated (the rate for failed genotypes did not exceed 8.3% for any of the SNPs under study).
Statistical methods. For each polymorphism, deviation of the genotype frequencies from those expected under Hardy-Weinberg equilibrium was assessed in the controls by a m 2 test. Genotype frequencies in cases and controls were compared using a m 2 test with 2 degrees of freedom (2 df, P heterogeneity ) and the Armitage trend test (m 2 on 1 df ) for the trend in breast cancer risk with number of rare alleles (P trend ). The relative risks of breast cancer for heterozygotes and for rare homozygotes, relative to common homozygotes, were estimated as odds ratios (OR) with associated 95% confidence intervals (95% CI). Any SNP with a P trend or P heterogeneity V 0.1 in set 1 was subsequently genotyped in set 2, and the results were combined to test their association with breast cancer in the U.K. population.
Haplotype frequencies were estimated and compared in cases and controls using the estimation-maximization algorithm implemented in the Haploscore program (34) . Haplotypes with a frequency of <0.05 were pooled. The Haploscore program computes score statistics (and hence significance levels) to test for associations between individual haplotypes and disease status along with the global test of association.
The potential phenotypic effect of specific SNPs was examined using Putative Phenotypic Alterations caused by SNPs (PupaSNP). 5 This is a webbased search tool for SNPs with potential phenotypic effect at transcriptional level. PupaSNP inputs lists of genes (or generates them from chromosomal coordinates) and retrieves SNPs that could affect conserved regions that the cellular machinery uses for the correct processing of genes 
Results
Genotype distributions in the controls did not differ significantly from those expected under Hardy-Weinberg equilibrium for any of the SNPs in the 10 genes under study (genotype frequencies for cases and controls genotyped are shown in Supplementary Tables S1 and S2). Table 2 shows MAF for all SNPs in controls, together with the genotype specific risks and results of the significance tests for each SNP. There was no evidence for association of genotype with age in controls and, as expected, age-adjusted risks were similar to unadjusted risks (data not shown). Table 3 shows the estimated haplotype frequencies for each gene in cases and controls with the results of the global test for association and the haplotype specific risks. Table 4 shows the results of the genotyping for the 10 SNPs that were genotyped in both sets 1 and 2.
SOD1. Data for only three SNPs were available in HapMap (rs2070424, rs10432782, and rs1041740) and these were in perfect LD (r P 2 = 1) so that they defined a single pair of haplotypes. We also screened the whole coding region in 96 individuals by dHPLC in to reduce the chance of missing any important functional variants. No further variants were found in any of the five exons.
The Applied Biosystems SNPbrowser enabled us to identify two further SNPs from the Celera database (rs202445 and rs4998557) located at the putative promoter and in intron 1, respectively. We then genotyped all five SNPs in 96 samples from our case series. Four common haplotypes were identified and these were tagged by three of the SNPs with a minimum r h 2 of 0.98. There was marginal evidence of association for g2809a (P heterogeneity = 0.099) in set 1 but no association was observed in the combined data set (P heterogeneity = 0.46).
SOD2. Three stSNPs tagged the 32 common SNPs in the EGP samples with a minimum r s 2 = 0.85, and 18 of 32 SNPs were tagged with r 2 p > 0.7. One of the stSNPs was found to be rare in our population and therefore was excluded from the analysis. No association with breast cancer was found for either SNP, including the coding polymorphism A16V (P heterogeneity = 0.58), which had previously been reported to be associated with breast cancer (24) and prostate cancer (29) .
CAT. The 89 common SNPs were tagged by five stSNPs (r s 2 = 0.83; 36 of 89 SNPs were tagged with r p 2 > 0.7). One of these, g27168a, showed some evidence of difference in genotype frequency distribution between cases and controls (P = 0.06), an effect that became slightly more significant in sets 1 and 2 combined (P = 0.05). This effect was due to a slight reduction in risk for ga heterozygotes (compared with gg homozygotes; OR, 0.94; 95% CI, 0.86-1.03) and a small increased risk in aa homozygotes (OR, 1.09; 95% CI, 0.96-1.23). *We have given the dbSNP rs number for each SNP, which is the unique identifier and the best standardized naming system; also, the nucleotide position in intronic variants or codon number in coding SNPs is given related to START codon. The common allele appears before the nucleotide position and the rare allele after it. cP (2 df ): genotype frequencies in cases and controls were compared using a m 2 test with 2 df. bSNPs with P trend or P (2 df ) V 0.1 (in bold) were chosen for testing in set 2. GPX1. Four common SNPs were identified from the EGP data, two of which tagged the others with a minimum r s 2 of 0.89 (all of them were tagged with r P 2 > 0.7). One of these, a nonsynonymous amino acid substitution, P200L (rs1050450), had been previously associated with lung cancer (23), breast cancer (28) , and bladder cancer (31) . However, neither stSNP was significantly associated with breast cancer (P heterogeneity = 0.17 and 0.53) in our study.
GPX4. The 14 common SNPs were tagged by four stSNPs with a minimum r s 2 of 0.81 (10 of 14 SNPs were tagged with r P 2 > 0.7). Two of the three genotyped SNPs, c-1999g (rs757229) and t2572c (rs713041), located in the 3V-UTR, showed evidence of association in set 1 (P = 0.06 and P = 0.01, respectively). However, neither of these SNPs was associated with breast cancer in set 2 alone (P heterogeneity = 0.43 and 0.20, respectively) or in the combined data (P heterogeneity = 0.22 and 0.23, respectively; Table 4 ).
GSR. There were 66 common SNPs spanning two LD blocks. Three tagging SNPs were chosen to tag 43 SNPs in block 1 (minimum r s 2 = 0.89) and four SNPs were chosen to tag 23 SNPs in block 2 (minimum r s 2 = 0.81). Thirty-six of 66 SNPs were tagged with r p 2 > 0.7. No association with a risk of developing of breast cancer was found for any of these SNPs.
TXN. Thirty-seven common SNPs were identified from the EGP data. Inspection of the pairwise LD values indicated two LD blocks. Six SNPs tagged the common SNPs (n = 14) for LD block 1 with a minimum r s 2 of 0.94 and six tagging SNPs were chosen for 20 SNPs in LD block 2 with a minimum r s 2 of 0.94. Twenty-one of 37 SNPs were tagged with r p 2 > 0.7. Two SNPs between the blocks that were not in strong LD with any other SNPs were also genotyped. The SNP t2715c (rs4135179), located in block 1, showed a significant difference in genotype distribution between cases and controls (P = 0.01), a difference that remained significant in the combined data sets (P heterogeneity = 0.007; Table 4 ). As with CAT g27168a, this was due to an apparent reduction in risk for tc heterozygotes (OR, 0.89; 95% CI, 0.81-0.97) and a small increase in risk for cc homozygotes (OR, 1.14; 95% CI, 0.95-1.37).
TXNRD1. There were data on eight SNPs in HapMap covering the gene at a density of 8 kbp per SNP. Eight SNPs defined five common haplotypes which were tagged by four SNPs (minimum r h 2 = 0.88, minimum r s 2 = 0.89). Five of eight SNPs were tagged with r p 2 > 0.7. No differences in genotype frequencies between cases and controls were observed for any of the tag SNPs.
TXN2. There were data on seven SNPs in HapMap covering the gene at a density of 2 kbp per SNP. Three of seven SNPs in HapMap were chosen to tag four common haplotypes (minimum r h 2 = 0.80, minimum r s 2 = 0.85). Six of seven SNPs were tagged with r 2 p > 0.7. No significant association was observed between any of these SNPs and risk of breast cancer.
TXNRD2. Thirty SNPs were available in HapMap covering three LD blocks at a density of 2.1 kbp per SNP. There were three tagging SNPs for six SNPs in block 1 (minimum r h 2 = 1.00, minimum r s 2 = 1.00), four tagging SNPs for 14 SNPs in block 2 (minimum r h 2 = 0.92, minimum r s 2 = 0.93), and three tagging SNPs for five SNPs in block 3 (minimum r h 2 = 0.80, minimum r s 2 = 0.81). Twentyone of 30 SNPs were tagged with r p 2 > 0.7. Five of the 10 studied SNPs were associated with breast cancer and genotyped in set 2. None of these associations was significant in set 2 alone, but in the combined data, the S allele of A66S was associated with a borderline increased risk of breast cancer in an apparently codominant manner [AS versus AA: OR, 1.05 (95% CI, 0.96-1.15); SS versus AA: OR, 1.12 (95% CI, 0.98-1.29); P trend = 0.07]. Similarly, g23524a was associated with a codominant decrease in risk [ga versus gg: OR, 0.92 (95% CI, 0.83-1.00); aa versus gg: OR, 0.89 (95% CI, 0.79-1.00); P trend = 0.05]. A marginal association was only observed for TXNRD2 LD block 2 when haplotype frequencies were compared (P = 0.09; Table 3 ). However, the results were not confirmed when we combined set 1 and set 2 data (P = 0.33; data not shown).
Discussion
We have assessed the effect of 54 stSNPs in 10 polymorphic genes coding for antioxidant defense enzymes on risk of breast cancer in a large population-based case-control study. Only two of these SNPs (SOD2 A16V and GPX1 P200L) have been investigated previously in cancer susceptibility and there are no published data on other variants in these genes or variants in other antioxidant defense genes.
In our initial set, 10 SNPs were significant at the 0.10 level, of which five were significant at the 0.05 level. After genotyping in the second set, two SNPs remained significant at the 0.05 level using the heterogeneity test (CAT g27168a and TXN t2715c). However, in both cases there was a reduced risk for heterozygous individuals and an increased risk for rare homozygous individuals. The test for trend was significant for TXNRD2 g23524a and borderline for TXNRD2 A66S in the combined data set. There was no evidence for any of the SNPs that the genotype specific risks were different for different disease subgroups-cases were stratified by incident and prevalent, age at diagnosis (age <50 versus age 50+), histologic subtype (lobular versus ductal versus other), histologic grade, or clinical stage. The observed main effects may be real or may be the result of chance or bias. Chance seems to be the most likely explanation. Despite the large sample size, none of the associations in the combined set 1 and set 2 data were highly significant. Furthermore, for two of the SNPs (CAT g27168a and TXN t2715c), there was a reduced risk for heterozygotes and an increased risk in rare homozygotes, which seems to be biologically implausible. Both of these SNPs are intronic and neither is strongly correlated with other known SNPs more likely to be functional. On the other hand, TXNRD2 A66S results in a nonsynonymous amino acid substitution. The PupaSNP webtool (see Materials and Methods) predicts that A66S affects several protein domains and the base change may also modify splice recognition. TXNRD2 belongs to the family of flavin adenine dinucleotide (FAD)-binding proteins and codon 66 is in the only conserved sequence motif present in all members of the family. This motif is located in the FAD-binding domain (IPR001327) and the NAD-binding site (IPR000205). In the conserved sequence xhxhGxGxxGxxxhxxh(x) 8 hxhE(D), h represents hydrophobic residues which provide hydrophobic interactions between an a-helix and a h-sheet (35) . h indicates the position of alanine in codon 66; the change to serine, a nonhydrophobic residue, could affect the folding of the protein. Functional studies are required to test if this hypothesis is correct and to show how the TXNRD2 protein is affected. The other significant TXNRD2 variant (g23524a) is located in intron 4, 62 bp from a splicing site. Further functional studies will be necessary to test the biological effect of this SNP.
An alternative explanation for a ( false) positive association is bias due to hidden population stratification. This occurs when allele frequencies differ between population subgroups and cases and controls are drawn differentially from those subgroups. However, it seems unlikely that population stratification is relevant here because the cases and controls were drawn from the same ethnic groups (>98% white). Furthermore, we have found no evidence for association between 23 unlinked markers (209 tests) in the controls, which suggest that there is unlikely to be significant substructure in our population. 6 It is also possible that selection bias may result in a false positive as response rates were different in cases and controls (64% versus 45%). Nevertheless, genotype at these loci is unlikely to be related to study participation and selection bias is more a theoretical than real problem.
We have found no evidence that common variations in SOD1, SOD2, GPX1, GPX4, GSR, TXN2, or TXNRD1 are associated with breast cancer. The SNPs under study were not selected because of their predicted effects on structure and function but because they adequately tagged all known common variants. Nevertheless, it is possible that important, unidentified variants in the genes were not efficiently tagged. For SOD1, SOD2, GPX1, GPX4, and GSR , resequencing data are likely to have identified most of the common SNPs. Some may have been missed by chance or because of sequencing errors, but given the density of SNPs observed, it is unlikely that any missed SNPs will not have been well tagged. TXNRD1, TXN2, and TXNRD2 have not been resequenced in large numbers of individuals and it is therefore not known certain whether or not other common variants exist. However, where a high density of SNPs has been identified, it is anticipated that any further SNPs will be well tagged by the known haplotypes. HapMap data available for TXN2 and TXNRD2 covered the genes at a density of one SNP every 2 kbp, and for TXNRD1 HapMap data were at a density of one SNP every 4 kbp. It is also possible that the populations used for selecting tag SNPs-mixed American ethnicities for EGP after exclusion of African Americans and Centre d'Etude du Polymorphisme Humain trios for HapMap-do not adequately represent the population from which our study has be drawn. However, the haplotype frequencies estimated from our data are similar to those estimated using both EGP and HapMap data.
Several previous studies have assessed single variants in SOD2 and GPX1 for associations with cancers of various types. There have been two reports of a positive association of the A16V variant SOD2 gene with cancer (24, 29) . Subsequent studies failed to confirm these findings (26, 30) and we too found no evidence for an association of this variant with breast cancer. The previously reported association with GPX1 L200P (31) has not been replicated by Cox et al. (36) in the prospective Nurses' Health study and we also found no evidence for association with this variant. Our failure to replicate these associations is unlikely to be due to lack of statistical power. For A16V, Ambrosone et al.
(24) reported a dominant protective relative risk of 0.25. Our study had 97% power to detect an allele with this frequency with a type I error rate of 0.0001 even if the true relative risk was 0.75. For GPX1 L200P, Hu and Diamond (28) reported a relative risk of 1.9 per allele. We had 90% power to detect a codominant allele of this frequency conferring a relative risk of 1.2 with a type I error rate of 0.0001.
In conclusion, we found no evidence for association between common variants in SOD2, SOD1, GPX1, GPX4, GSR, TXNRD1, and TXN2 and breast cancer risk. There was some evidence for association of variants in CAT, TXN, and TXNRD2. These results would be worth replicating in other studies, particularly as there is some evidence for a functional effect of TXNRD2 A66S.
